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We propose a method to grow high-quality twisted bilayer graphene epitaxially on SiC using
borazine as a surfactant. With this method, closed layers with a constant orientation with respect
to the substrate can be grown over mm-size samples. Using high-resolution electron diffraction,
we find a twist angle distribution centered at 30◦ with a standard deviation of (0.46 ± 0.01)◦, a
compression of the top (rotated) graphene layer by 0.7% with respect to the bottom layer, and a
(N ×N)R0◦ Moire´ unit cell with N = 12.84±0.12 with respect to the top graphene. The interlayer
hopping resulting from a comparison of tight binding simulations with angle-resolved photoelectron
spectroscopy agrees with values reported for other twist angles.
PACS numbers: 73.22.Pr, 61.48.Gh, 61.05.jh, 79.60.Jv
Since the isolation of the first two-dimensional mate-
rial, graphene, by micromechanical cleavage of graphite
in 2004 [1], efforts have been made to control the elec-
tronic properties of graphene without affecting the lat-
tice. Twisted bilayer graphene (tBLG) has already been
identified as a promising candidate in 2007 [2]. In this
material, the twist angle [3] as well as the relative strain
[4–7] between the top and the bottom layers are decisive
parameters that determine the electronic properties of
the system. Among the intriguing properties of tBLG are
chirality [8–10], magnetism [11, 12], and a tunable band
gap [13–15]. More recently, this system has attracted
additional interest after unconventional superconductiv-
ity was discovered for twist angles of approximately 1.1◦
[16, 17].
Up to now, most experimental studies of tBLG are per-
formed on manually stacked, exfoliated graphene single
layers. This method has the advantage that virtually any
material can be stacked with any angle, but the moder-
ate material quality, small sample size and limited twist
angle control are its major shortcomings. For example,
the presence of interlayer contaminants forming bubbles
is a challenging issue [18]. Moreover, this method is not
scalable. In contrast, epitaxial growth is more limited in
scope, but if the correct growth parameters for a given
stack and a given twist angle have been identified, it is
reproducible and readily scalable, and it offers unrivaled
cleanness and control at the atomic scale.
tBLG can be grown epitaxially on metals. Examples
are Pt(111) [19], Pd foil [20], Pd(111) [21], Cu foil [22–
24], Ni–Cu gradient foil [25], Ir(111) [26], Ni(111) [27].
Thermal decomposition of 6H-SiC(0001¯) is another route
to obtain tBLG [28–30]. However, in all of these cases
one finds random twist angles and/or random orienta-
tion across the sample, and each domain of a given twist
angle has a typical maximum diameter of 1 to 10 µm.
This makes these samples unsuitable for any application
that requires a definite twist angle and orientation with
respect to the substrate over a large area. Furthermore,
the limited domain size and random orientation make
the use of non-local characterization techniques for these
samples difficult. For example, measuring the electronic
band structure by means of angle-resolved photoemission
spectroscopy (ARPES) requires a highly focused photon
beam (nano-ARPES) to address only one twist angle at
a time [19, 22, 25, 30–32].
In this Letter, we report a method for growing tBLG
with a well-defined twist angle and orientation on a
macroscopic scale. Specifically, we anneal SiC in a bo-
razine (B3N3H6) atmosphere. Thereby, borazine acts as
a surface-active molecule (surfactant), enforcing a spe-
cific rotation of the top graphene layer. Since the growth
of the rotated graphene layer is self-limiting and the
growth temperature is below the one required for mul-
tilayer non-rotated graphene, only tBLG is formed. As
a substrate we use the silicon-terminated 6H-SiC(0001)
surface. Because of the very high quality of the obtained
tBLG, leading to sharp diffraction spots, it is possible
to detect its Moire´, and to accurately determine the az-
imuthal distribution of twist angles, the average strain
and the average domain size for each of the two graphene
layers.
Our method is based on two well-known facts. Firstly,
it has long been established that on SiC(0001), large
single-layer graphene domains can be obtained by an-
nealing the sample in a high pressure argon environment
[33, 34]. The same structure can be obtained by growing
in ultra-high vacuum (UHV), with only the domains be-
ing smaller [33]. The natural lattice orientation of such
epitaxial monolayer graphene (EMLG) on SiC(0001) is
30◦ with respect to the SiC lattice, and its lattice is com-
pressed by 0.22% relative to graphite [35]. Further an-
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2nealing leads to the growth of a second graphene layer
of the same orientation below the initial one. Secondly,
it has recently been shown that single-layer hexagonal
boron nitride (hBN) grows epitaxially on 6H-SiC(0001)
in a borazine atmosphere [36]. The hBN lattice vectors
are aligned with the SiC substrate surface lattice vectors
(hBN-R0◦) [56]. By annealing hBN-R0◦ to higher tem-
peratures, a graphene single layer (SLG-R0◦) gradually
forms in the hBN-R0◦, following its orientation and fi-
nally replacing it [36]. This observation, in conjunction
with the well-known fact that multilayer R30◦ graphene
can be grown on SiC by thermal decomposition, suggests
that 30◦-tBLG may be grown on SiC(0001) with the help
of hBN [37]. However, it is clear that in such a scheme,
the quality of the final 30◦-tBLG is limited by the quality
of the formed hBN layer. In order to eliminate this influ-
ence, we propose using borazine as a surfactant molecule
during the growth of 30◦-tBLG, thus avoiding the sta-
bilization of a static hBN lattice but keeping the ori-
enting influence of hBN nuclei which act as a template
for the growth of rotated graphene. This dynamic ap-
proach may offer the advantage that, because borazine
molecules are provided continually during growth, small
hBN nuclei are constantly present at the surface until a
closed rotated graphene layer is formed. It also avoids
the negative effects of domain boundaries in large-scale
static hBN, lattice mismatch between graphene and hBN
etc. As we show in this Letter, the surfactant-mediated
growth indeed provides 30◦-tBLG of superior quality.
The SiC wafers were obtained from TankBlue Semicon-
ductor Co. Ltd. The sample, a 5×10 mm2 N-doped 6H-
SiC(0001) wafer piece, is cleaned by annealing in UHV
while being exposed to a flux of silicon atoms. In this way,
the Si-rich (
√
3×√3)R30◦ reconstruction is prepared [39].
The temperature is controlled by direct current heating
and measured by a pyrometer [57]. After the cleaning
process, we prepare the more Si-rich (3 × 3) reconstruc-
tion [40] and then anneal the sample directly to 1380◦C
in a partial pressure of borazine (1.5×10−6 mbar) to ob-
tain 30◦-tBLG. If one carries out the same process at a
lower temperature (1225◦C), SLG-R0◦ of poor crystalline
quality forms. At an even lower temperature (1100◦C)
hBN-R0◦ grows.
All results reported in this Letter were obtained from
three different UHV setups. All sample transfers between
the setups were performed in UHV using a pumped suit-
case. In the first setup, we prepared the samples and
characterize them with low energy electron diffraction
(LEED) and angle-resolved photoelectron spectroscopy
(ARPES) using a monochromatized UV lamp (hν =
21.2 eV) and a Scienta R4000 analyzer. Quantitative
diffraction was performed in a second setup using spot
profile analysis LEED (SPA-LEED). In these two se-
tups, the sample was held at room temperature. Finally,
ARPES at 105 eV photon energy was performed with
a SPECS Phoibos 225 analyzer in an end-station of the
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FIG. 1: SPA-LEED patterns of (a) hBN-R0◦, (b) SLG-R0◦,
(c) 30◦-tBLG grown by annealing SiC(0001)-(3× 3) in a bo-
razine atmosphere and (d) 30◦-tBLG grown by annealing
SLG-R0◦ in UHV. First order diffraction spots are assigned
as follows:  – 6H-SiC(0001); 4 – hBN-R0◦; © – G-R0◦; 3
– G-R30◦; Dotted diamond – 30◦-tBLG Moire´. The dotted
circle indicates the well-known apparent (6 × 6) periodicity
of the (6
√
3 × 6√3)R30◦ buffer layer. The high symmetry
directions of the SiC surface Brillouin zone are indicated in
(a). All patterns have the same gray scale and were acquired
with an impact energy of 165 eV.
I09 beamline at the Diamond Light Source in Didcot,
UK, at a sample temperature of 20 K. All used tech-
niques have an electron or photon beam footprint on the
sample ranging from 0.05 to 3 mm2 and thus provide an
averaged signal from the sample.
Fig. 1 displays SPA-LEED patterns obtained at vari-
ous growth stages. Fig. 1(a) shows the diffraction pattern
obtained by annealing the SiC(0001)-(3× 3) reconstruc-
tion to 1100◦C in a borazine atmosphere. Around each
first order 〈10〉 SiC diffraction spot [58], marked by or-
ange squares (), we observe a hexagonal arrangement
of elongated diffraction spots. The lattice constant cor-
responding to the spots marked by black triangles (4)
(2.576±0.01) A˚ agrees with the value reported for single-
layer hBN on SiC [36], exhibiting an average tensile strain
of 2.84% relative to the hBN bulk lattice parameter of
(2.5047± 0.0002) A˚ [41]. The position and elongation of
these spots indicate that the hBN domains are aligned
to the Γ¯M¯ direction of SiC within a small but significant
azimuthal range. We therefore conclude that, at this an-
nealing temperature, hBN-R0◦ forms on the SiC surface.
The other diffraction spots in Fig. 1(a) are attributed to
multiple electron scattering on different lattices. We note
that the diffraction pattern of hBN-R0◦ grown on SiC
cannot be recovered after 48 hours air exposure followed
by a mild annealing in UHV. As hBN is known to be
stable in air [42], our observation suggests that hBN-R0◦
does not form a closed layer, thus allowing the oxidation
of SiC.
Fig. 1(b) shows the diffraction pattern obtained after
3annealing hBN-R0◦ in UHV at 1225◦C. The same pattern
can alternatively be obtained by annealing SiC(0001)-
(3×3) directly to the same temperature in a borazine at-
mosphere. As for hBN-R0◦, the diffraction pattern shows
a hexagonal arrangement of spots around the 〈10〉 spots
of SiC (). However, the lattice constant of the spots
marked by red circles (©) (2.524±0.02) A˚ is smaller than
the one found for hBN-R0◦. The presence of Dirac cones
at the K¯ points of this lattice (not shown) proves that it
corresponds to single-layer graphene aligned to the SiC
substrate (SLG-R0◦), in agreement with Ref. [36]. Note
that SLG-R0◦ in Fig. 1(b) has an average tensile strain of
2.55% relative to graphite (2.461 A˚ [35, 43]). Moreover,
the diffraction pattern is characterized by very broad
spots with low intensity and high background. This in-
dicates that the graphene domains are small and accom-
panied by large areas without long-range order, and is
consistent with the fact that its diffraction pattern can-
not be recovered after 48 hours of air exposure.
Fig. 1(c) displays the diffraction pattern obtained by
annealing SiC(0001)-(3 × 3) directly to 1380◦C in a
borazine atmosphere. The elongated diffraction spots
marked by red circles (©) correspond to a lattice param-
eter of (2.439± 0.006) A˚, and are assigned to a graphene
layer aligned to the SiC substrate (G-R0◦), as evidenced
by the observation of Dirac cones (see below). Addi-
tionally, diffraction spots corresponding to a similar lat-
tice parameter, but aligned with Γ¯K¯ of SiC (R30◦), are
present (3). They originate from to a second type of
graphene rotated by 30◦ with respect to the substrate
(G-R30◦). The following two observations suggest that
these two graphene layers are stacked, G-R0◦ on top of
G-R30◦. First, the G-R30◦ has a smaller intensity than
G-R0◦– this can be explained by the attenuation of the
electron diffraction intensity. Second, unlike G-R0◦, G-
R30◦ has diffraction spots with a circular shape, which
can be understood as a consequence of the rigid locking
of the layer to the SiC substrate, yielding superior az-
imuthal order similar to EMLG [44]. Interestingly, the
diffraction pattern of this 30◦-tBLG is recovered after
four months air exposure and a mild annealing in UHV.
This indicates that 30◦-tBLG forms a closed layer across
the SiC surface.
Fig. 1(d) displays the diffraction pattern obtained by
annealing SLG-R0◦ at 1380◦C in UHV, an alternative
route reported in Ref. [37] to prepare 30◦-tBLG. The
pattern is the same as in Fig. 1(c), however, the back-
ground intensity is noticeably higher, the spots are much
broader and we observe fewer higher-order diffraction
spots. We conclude that this preparation method yields
a 30◦-tBLG with not only lower crystalline quality but
also areas without long-range order. In the following, we
concentrate exclusively on the high-quality 30◦-tBLG in
Fig. 1(c).
Deeper insight into the quality of the crystalline struc-
tures in Fig. 1(c) is provided by the analysis of the respec-
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FIG. 2: Electron diffraction spot profiles taken on 30◦-tBLG
prepared in a borazine atmosphere (see Fig. 1(c)). (a) Typ-
ical radial profiles of 〈10〉 spots of G-R30◦, G-R0◦ and SiC.
(b) Radial and azimuthal profiles of the 〈10〉 spot of G-R0◦.
The profiles have normalized intensity. Colored dots repre-
sent experimental data. Black lines are fits (only shown for
broad profiles).
tive 〈10〉 diffraction spot profiles (Fig. 2). The full width
at half maximum (FWHM) w of the radial spot profile
arises from the combined effect of the finite instrumen-
tal resolution and the finite size of crystalline domains.
2pi/w represents a lower limit to the average domain size.
Moreover, an azimuthal profile broader than the radial
profile is a direct indication of azimuthal disorder. To
estimate the azimuthal distribution, we convolve radial
profile with a Gaussian to fit the azimuthal profile. The
standard deviation σ of the fitted Gaussian is a measure
of the azimuthal disorder.
Radial 〈10〉 spot profiles are shown in Fig. 2(a). The
〈10〉 SiC spots () have a circular shape and the radial
line profile is fitted by a Voigt function with a FWHM
of (0.525 ± 0.002) %BZSiC, or (0.01237 ± 0.00005) A˚−1.
In real space, this corresponds to an average domain size
> 508 A˚ [59]. Next, we consider the 〈10〉 spots of G-R30◦
(3). These spots have a circular shape that corresponds
to an average domain size > 147 A˚. In contrast, the
〈10〉 spots of G-R0◦ (©) are elongated in the azimuthal
direction. Its radial profile corresponds to an average do-
main size > 290 A˚, significantly larger than for G-R30◦.
This difference in domain size within the 30◦-tBLG layer
is explained by the fact that G-R30◦ can only grow if
G-R0◦ is already present locally, thus protecting the for-
mer from borazine. Therefore, the G-R30◦ domains are
necessarily smaller.
It is clear from Fig. 2(b) that the azimuthal profile
of the top graphene layer G-R0◦ is broader than its
radial profile. This is evidence that several azimuthal
orientations of G-R0◦ coexist on the surface. We find
σ = (0.46±0.01)◦ around the R0◦ direction. As the bot-
tom graphene layer has an exact R30◦ orientation (circu-
lar spots), approximately 70% of the 30◦-tBLG consists
of bilayer graphene with twist angles ranging from 29.54◦
to 30.46◦.
The narrow twist angle distribution in 30◦-tBLG
4suggests a non-vanishing interaction between the two
graphene layers. Additional indications of such an in-
teraction come from a further analysis of the diffraction
pattern, yielding two important observations. Firstly,
close to (0,0), there are additional spots in Fig. 1(c), one
of them marked by a dotted circle, which cannot be ex-
plained by either of the two graphene layers (3, ©), the
buffer layer (dotted diamonds) [60], the SiC substrate
() or multiple scattering involving those individual lat-
tices. Therefore, they must arise from a Moire´ modu-
lation of the complete 30◦-tBLG. This corresponds to a
(N×N)R0◦ lattice with N = 12.84±0.12 with respect to
the unit-cell of G-R0◦, or with N = 10.17± 0.10 with re-
spect to SiC. Note that in the case of an electron density
modulation forming the Moire´, the structural modulation
may even be larger. An analogous effect is well known
for EMLG on SiC [44–46]. Secondly, looking at the pre-
cise lattice constant of G-R0◦, we find that it is 0.7%
contracted with respect to G-R30◦. Together with the
azimuthal distribution of twist angles, these two observa-
tions show that 30◦-tBLG grown in borazine atmosphere
relaxes locally around the perfect quasicrystalline order
of two unstrained 30◦-rotated graphene lattices [47], in
order to minimize its energy. This might be, at least par-
tially, an effect of the SiC(0001) substrate. A detailed
structural investigation requires microscopic real space
methods and is beyond the scope of this Letter. Note
that in the absence of the SiC substrate and the buffer
layer, the structure of minimum energy of 30◦-tBLG may
differ from the one observed here [37].
We now turn to the electronic properties of our 30◦-
tBLG sample. An ARPES constant binding energy map
(CBM) taken close to the Dirac energies is presented
in Fig. 3(a). The intensity found at the K¯ points of
the individual graphene layers in the CBM of Fig. 3(a)
together with the linear band dispersion in the energy
distribution maps (EDM) in Fig. 3(b)-(c) demonstrate
the presence of two graphene layers with a difference
in orientation of approximately 30◦. The G-R30◦ is n-
doped with ED = (0.37 ± 0.01) eV, and G-R0◦ with
ED = (0.41 ± 0.01) eV. The intensity at K¯0◦ is approx-
imately six times higher than at K¯30◦ . The absorption
of G-R30◦ photoelectrons by G-R0◦, and the lower cov-
erage of G-R30◦ as found in SPA-LEED data, explain
this difference [61]. The Dirac cone replicas around K¯0◦ ,
indicated by red dotted diamonds in Fig. 3(a), arise from
the diffraction of photoelectrons from the top G-R0◦ by
the buffer layer lattice located below G-R30◦, as seen for
EMLG [48]. This is the ultimate proof that we have in-
deed prepared 30◦-tBLG. Due to the reduced intensity
at K¯30◦ , the replicas around this point (blue dotted dia-
monds) cannot be detected.
The high quality of our 30◦-tBLG sample offers the
possibility to search for interlayer coupling in the elec-
tronic band structure. If such a coupling is present,
one expects the formation of band gaps at the position
b ca
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FIG. 3: (a) Experimental CBM of 30◦-tBLG, at a binding
energy of 0.39 eV, superposed with a zoom of the Brillouin
zones of G-R0◦ (red line) and G-R30◦ (blue line). The dotted
lines indicate where the EDM shown in the following panels
are taken. (b) EDM at K¯30◦ in the K¯30◦ − K¯30◦ direction,
(c) similarly at K¯0◦ . The intensities in panel (b) are mul-
tiplied by a factor six in comparison to panel (c) in order
to obtain comparable gray scales. (d)-(f) The three identi-
cal gray-scale images show the EDM along the K¯30◦ − K¯0◦
direction (green dotted line in (a)). The size of the orange
dots indicates the simulated ARPES intensity for freestand-
ing 30◦-tBLG with (d) V 0ppσ = 0 eV and (e) V
0
ppσ = 0.2 eV
(see text). The ARPES intensity induced by the six buffer
layer replicas (dotted diamonds in panel (a)) is represented
by red dots.
where Dirac cones of the two different layers cross. In
Fig. 3(d)-(f), the EDM along the K¯0◦ − K¯30◦ direction
is shown. The crossing is found midway between the
two Dirac cones at a binding energy of approximately
2.7 eV. To interpret our ARPES data, we simulate the
electronic band structure within the tight binding ap-
proximation and the one-step model of photoemission,
using the plane wave approximation for the final state
(orange dots) [49] [62]. Despite replicas (red dots) and
possible areas with SLG-R0◦ only, the simulations with
V 0ppσ = 0.2 eV (Fig. 3(e)) [63] reproduces the K¯0◦ split
band measured in ARPES better than with V 0ppσ = 0
(Fig. 3(d)). This is in agreement with structural indica-
tions of an interlayer coupling.
Finally, we briefly comment on the mechanism of tBLG
growth. Because of the high temperature, hBN-R0◦ does
not stabilize in spite of the presence of borazine. Yet,
due to the presence of the surfactant borazine molecule,
the graphene layer which grows at this temperature is
forced to adopt a lattice orientation close to R0◦. This is
a self-limiting process, because the graphene layer under-
neath is not any more exposed to borazine and therefore
5grows in the orientation defined by the SiC substrate to
which it is exposed. We believe that this new prepara-
tion method, in which a surfactant enables the growth
of a graphene layer in an unusual orientation, will fos-
ter new approaches to produce large-scale tBLG, thereby
bringing its intriguing properties closer to applications.
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